Fats and oils are the most common pollutants in wastewater, and are usually eliminated through physical processes in wastewater treatment plants, generating large amounts of fats and residual oils that are difficult to dispose of and handle. The degradation of fatty wastewater was studied in a real wastewater treatment plant and a laboratory scale treatment unit. The wastewater treatment plant, located in Chile, was designed for a population of 200,000 inhabitants. It includes an aerobic digester that receives fat and oils retained in a degreaser and treats the fats and oils together with biomass. The biodegradation of fats and oils was analyzed in both wastewater treatment systems. Key parameters were monitored such as the concentration of fats and oils in the influents and effluents, mass loading, and the efficiency of biodegradation. The mass loading range was similar in both wastewater treatment systems. In the experimental activated sludge plant, the biodegradation of fats and oils reached levels in the range of 64% to 75%. For the wastewater treatment plant with an aerobic digester, the levels of biodegradation of fats and oils ranged from 69% to 92%. Therefore, considering the efficiency of the elimination of fats and oils, the results indicated that physical treatment should be replaced with biological treatment so that the CO 2 generated by the biodegradation will be incorporated into the carbon cycle and the mass of fats and oils in landfills will be reduced.
Introduction
Oils and fats are essential organic components of municipal and industrial wastewater, and their exact behavior in wastewater treatment processes is not well understood [1] . Although biological treatment of oily wastewater is not well developed, recent activities in this area have removed notable percentages of oil and grease from wastewater [2] .
Many types of anaerobic digesters have been investigated for joint sludge treatment with oil and fat; for example, with a modified thermophilic digester [3] , a co-digestion anaerobic of food waste, oils and fats with sewage sludge [4] , an adaptation of the microbial community that influenced the conversion of long-chain fatty of oils and fat with municipal sludge [5] , and similar aerobic experiences that analyzed the aerobic joint digestion of sludge with fats and oils [6] .
Physical removal of fats and oils is a common procedure that is based on the lower density of fats and oils, between 920 g/L and 964 g/L, relative to water, allowing for flotation [7] . Flotation is used in the separation of immiscible or solid fluids and is common in wastewater treatment. Flotation can be achieved by air at atmospheric pressure, by dissolved air under pressure, or by induced air [8] .
Fats and oils are classified as slowly biodegradable substances. The cells initially store these substances in their cytoplasm and then use hydrolytic enzymes to convert fats and oils into an assimilating and biodegradable substrate [9] .
This investigation started in an activated sludge experimental plant, where sunflower oil is the only carbon source in synthetic wastewater. Sunflower oil is easily accessible and is a standardized product, commonly domestically consumed in Chile. The chemical composition of the sunflower oil is shown in Table 1 . The structure gives it the chemical identity. Prior to biodegradation, a hydrolysis stage is required that releases the fatty acids. The fat and oil tests include the fatty acids. Table 1 . Fatty acids of sunflower oil and specific stereo analysis [10] . Results are provided in % moles. The Bío-Bío region of Chile has 90 activated sludge plants. The wastewater treatment plant of Los Angeles (WWTP-LA) is the only one that has an aerobic digester to treat fats and oils combined with biomass. In the WWTP-LA, fats and oils are retained by a degreaser and sent to the aerobic digester ( Table 2 ). The biodegradation of organic matter in an activated sludge system is enhanced by the cultivation and development of dispersed bacterial biomass in the form of flocs, called activated sludge, dispersed in an aerated and agitated tank that is continuously fed by sewage with organic matter or sludge. The stirring of the tank aims to homogenize the mixture composed of the bacterial biomass and the residual water, avoiding sediments and zones of short circuiting ratios. Aeration is used to supply oxygen to the purifying bacteria [11] .
Fat/Oil
In the parameter design and operation of an activated sludge treatment system, mass loading (ML) corresponds to the aeration tank, which is related to the daily feed mass of biodegradable organic matter entering the aeration tank and the degrading biomass contained therein [12] . The ML range was similar in both the experimental activated sludge plant and in the aerobic digester. This a fundamental parameter for this type of treatment for the bench scale activated sludge reactor and the real scale wastewater treatment plant ( Table 2) .
The process and behavior of lipid elimination through biological treatment systems have been exhaustively evaluated. The literature shows that lipids eliminated by biological treatment also inhibit microbial growth and are the cause of foaming, filamentous bacteria, and flocculation [1] .
In an activated sludge biological treatment system, the efficient contact of the microorganisms present in the aqueous phase and oil is fundamental. This requires a considerable interfacial area, which can be increased by delivering energy to the system, either by mechanical agitation or by electric fields. Mechanical agitation is often used to increase the interfacial area between the aqueous phase and the oily or greasy phase [13] .
Two important factors determine the level of emulsion in the full-mix stirred aeration tank and the dispersion level: (1) bubble size distribution and (2) dispersed phase fraction. The average bubble size is in the range of 150 µm to 250 µm [14] , which is achieved with a suitable impeller and fine bubble diffusers. A suitable enzymatic concentration and the optimum interfacial area must be obtained between the aqueous phase and the oily phase to achieve mass transfer and the hydrolysis step [15] . Typically, lipase hydrolysis in oil to fatty acids occurs at the interphase between the oil and aqueous phases. The lipase enzymes can catalyze various types of reactions [16] .
Biodegradation of fats and oils were evaluated in both plants from a mass balance perspective, for which the concentration of fats and oils in the influents and effluents, mass loading, and efficiency of biodegradation were monitored.
Materials and Methods
Two different wastewater treatment plant (WWTP) systems were analyzed, and therefore the applied methodology was different for each experimental situation studied. In both cases, a balance of matter was determined to estimate the fraction of fats and oils biodegraded.
Analytical Methods and Monitoring Parameters
The analytical methods and monitoring parameters applied are described below.
Total Suspended Solids (TSS)
TSS were determined by sample filtration of a known volume through 4.7 cm Whatman GF/C glass fiber filters and drying at 103-105 • C. The difference in weight of the filter before and after filtration was used to estimate the TSS [17] .
Fats and Oils
For determination of fats and oils, groups of substances with similar characteristics were quantitatively measured on the basis of their common solubility in a suitable solvent using the gravimetric/Soxhlet test method [17] .
Chemical Oxygen Demand (COD)
COD was determined using a variation of the potassium dichromate method [18] . This method uses a much smaller amount of sample and reagents. The sample is chemically oxidized through the action of potassium dichromate at a temperature of 150 • C for two hours. Silver sulfate is used as the catalyst and mercury sulfate is used to avoid potential chloride interference. Spectrophotometry measurements were recorded at 600 nm.
Monitoring Parameters
Description of parameters: ML = (kg COD applied/day)/(kg of total suspended solids in aeration tank) (1)
where COD is chemical oxygen demand, (kg COD/m 3 ); MLSS is mixed liquor total suspended solids (kgSS/m 3 ); Q is influent flow rate, (m 3 /h) and V is the volume of the aeration tank, (m 3 ).
Bench Scale Activated Sludge Reactor
The biological treatment of wastewater with sunflower oil is carried out in a bench scale activated sludge reactor.
Description of Equipment
Experimental work was required to obtain information about the parameters describing the dynamics of the activated sludge process. The process depends on the fat and oil contents present in the incoming wastewater. The equipment used was a BIOCONTROL model MARK 2, described as follows ( Figure 1 ). 
Bench Scale Activated Sludge Reactor
Description of Equipment
Unit Control
The unit control consisted of a main switch, a complete air cylinder with a flow meter, a flow control rate system, as well as a feed pump for wastewater to be purified, complemented by a control rate system. A timer was set for intermittent operations with an on-off switch and a pump that recycles the sedimentation tank sludge to the aerator tank ( Figure 1 ).
Aeration Tank
The aeration tank was a transparent Plexiglas ® cylinder (Vittadini, Milan, Italy) (38 cm high and 20 cm in diameter); it has outputs at various heights associated with different volumes: 7 L, 8 L, 9 L, and 10 L. The cylinder has two inputs: (1) the recirculation sludge, fed at the top of the cylinder and (2) the influent that flows to the lower level has, in its upper part, an outlet for the mixing liquor that flows to the secondary settler. Two ceramic diffusers are placed in the bottom to disperse the incoming air in tiny bubbles [19] .
Sedimentation Tank
The sedimentation tank consisted of a transparent cylinder made of Plexiglas ® , and the basal part is cone-shaped to facilitate the sedimentation and thickening of the sludge. It receives the mixed liquor from the aeration tank by overflow. When this liquor reaches the clarifier, it creates a downward flow so that the sludge decants and is separated and recirculated through a pump. The 
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Sedimentation Tank
The sedimentation tank consisted of a transparent cylinder made of Plexiglas ® , and the basal part is cone-shaped to facilitate the sedimentation and thickening of the sludge. It receives the mixed liquor from the aeration tank by overflow. When this liquor reaches the clarifier, it creates a downward flow so that the sludge decants and is separated and recirculated through a pump. The clarified water also uses the mechanism of overflow to evacuate toward the accumulation tank ( Figure 1 ).
Experimental Methodology
The activities included in the experimental methodology are described below.
Feed Preparation
The treatment system was fed with synthetic wastewater prepared in the laboratory according to the COD concentrations of sewage. The concentrations were in the range of medium to strong [20] , with a C:N:P ratio of 100:5:1. Synthetic wastewater was prepared daily. Ammonium chloride, as the nitrogen source, and potassium hydrogen phosphate, as the phosphorus source, were added in accordance with the organic intake from the sunflower oil.
Determination of the Relationship Between COD and Fat
The relationship between pork fat, sunflower oil and COD was determined using the test already described in the methodology. The previously mentioned relationship was used to convert fats and oils to COD. Therefore, a fat and an oil were used to obtain a more representative conversion factor.
Operation Modes: Bench Scale Reactor
The synthetic wastewater was prepared daily and deposited in a 50 L storage and homogenization tank, where a stirrer was installed to disperse the oil or fat. Through a peristaltic pump, operated from the control unit, the feed was sent to the aeration tank. The oxygen supply and the recirculation flow rate were managed from the control unit. The effluent was collected in a 30 L tank, from which the samples were obtained for chemical analysis. The average temperature and dissolved oxygen range were 18 • C and 2-4 mg/L, respectively.
Real Scale Wastewater Treatment Plant
The biological treatment of wastewater with fats and oils is carried out in a real scale wastewater treatment plant.
Wastewater Treatment Plant: Los Angeles, Bío-Bío Region, Chile
The aerobic digester of the sludge line of the wastewater treatment plant in Los Angeles (WWTP-LA) was designed as activated sludge system at medium load with 0.6 kg BOD/day/kg MLSS. The plant has three similar modules built with a 5108 m 3 aeration tank, and a 2400 m 3 settler. The average cell residence time is 25 days, and biodegraded fats and oils are retained in a degreaser [21] (Figure 1) . Therefore, the only substrate and source of carbon was fats and oils. This last process stage was compared with the experimental prototype ( Figure 2 ). 
Results

Relationship of Fats and Oils with COD
The results show the relationship between pork fat and sunflower oil with chemical oxygen demand. From these relationships, it was possible to more accurately estimate the COD from the concentration of oils and fat in wastewater and the sunflower oil-COD relationship was used for the experimental work. The experimental values obtained for the correlation (COD to fats and oils) of vegetal and animal origin oil ( Figure 3 ) were consistent with the data obtained by Henze et al. [22] , and were used as the basis of calculation for the estimation of the COD and mass loading. 
Mass Balance and Determination of Biodegradability of Fats and Oils in the Bench-Scale Activated Sludge Reactor
In this experiment, performed on the equipment shown in Figure 1 , the water and oil were mechanically stirred and mixed in the feed tank. Part of the aggregated oil was accumulated in the feed tank so the oil fraction not going into the aeration tank was known. The influent contained 
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Mass Balance and Determination of Biodegradability of Fats and Oils in the Bench-Scale Activated Sludge Reactor
In this experiment, performed on the equipment shown in Figure 1 , the water and oil were mechanically stirred and mixed in the feed tank. Part of the aggregated oil was accumulated in the feed tank so the oil fraction not going into the aeration tank was known. The influent contained sunflower oil and the concentration was gradually increased. The initial concentration of the biomass present in the aerobic reactor was about 4000 mg/L of TSS.
The mass of biodegraded sunflower oil was determined from the mass balance equation. The sunflower oil is part of the effluent fed to the treatment system. Initially, it is assumed that the system has no oil.
For the aeration tank:
For the secondary sedimentation tank:
where M 1 corresponds to the oils and fats that are in the aerator tank, M 2 corresponds to the oils and fats that are in the sedimentation pond, V is the reactor volume and r A is the biodegradation rate of vegetable oil.
The balance for the system as a whole is:
where r A × V corresponds to the vegetable oil that disappears per unit of time, i.e., the oil biodegraded by the microorganisms, such that:
An important part of the oil floats and therefore does not biodegrade and passes to the secondary sedimentation pond in which it accumulates.
For reasons of technical feasibility, the mass balance must be kept integral for some time. Fats and oils accumulated as a result of separation by flotation were measured, allowing us to determine the level of oil biodegradation in the influent.
The equation for the integral material balance for a certain period of time is:
where ∆ 1 is the time elapsed. Every day is identified by a subscript as shown in the following examples: Day 1:
Day 2:
Day n:
Then, the mass balance for a given number of days of operation is:
Then, the biodegradability is:
The results of the matter balance are shown in Table 3 . Table 3 . Mass balance of fats and oils in the bench-scale activated sludge reactor. 
Length of Operation Including Balance (days)
Mass of Oil Fed (g)
Mass of Retained Oil (g)
Mass of Oil in the Effluent (g)
Mass of Biodegr-Adation (g)
Mass of
Mass Balance of Fats and Oils in a Real Scale Wastewater Treatment Plant
The mass balance of the wastewater treatment plant was calculated using the load of the influent corresponding to the entry of fats and oils. Therefore, the output load corresponds to fats and oils in the effluent of the WWTP. In the sludge line, the difference between the input and the output mass corresponds to the mass of biodegraded fats and oils in the aerobic digester (Table 4 ). 
where Q af is the flow of the influent, L/day; C af is the concentration of fats and oils of the tributary, mg/L; Q L is the flow rate from the digester to the sludge dehydrator, L/day; C L is the concentration of fats and oils of the digester, mg/L; Q ef is the outflow from the effluent, L/day; and C ef is the concentration of effluent fats and oils, L/day. 
Operation Parameters
The most relevant operational variables were monitored in both plants. 
The most relevant operational variables were monitored in both plants.
The Efficiency of Biodegradation of Fats and Oils
At the bench-scale plant, the sunflower oil concentration of the influent reached a constant level during three periods of eight days each. The oil concentration at the initial point was 333 mg/L, then increased to approximately 460 mg/L, and, for the last days of operation, the oil concentration in the influent was 500 mg/L. The sunflower oil, the only source of carbon, was eliminated by biodegradation and by flotation. Figure 5 shows the oil efficiency as it leaves the influent. The graph curves represent the oil concentration (mg/L) present in the effluent and its accumulation by sedimentation; that is to say, the non-biodegradable oil. The effluent and accumulated oil increased with the concentration (mg/L) of oil in the influent. 
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The Efficiency of Biodegradation of Fats and Oils.
At the bench-scale plant, the sunflower oil concentration of the influent reached a constant level during three periods of eight days each. The oil concentration at the initial point was 333 mg/L, then increased to approximately 460 mg/L, and, for the last days of operation, the oil concentration in the influent was 500 mg/L. The sunflower oil, the only source of carbon, was eliminated by biodegradation and by flotation. Figure 5 shows the oil efficiency as it leaves the influent. The graph curves represent the oil concentration (mg/L) present in the effluent and its accumulation by sedimentation; that is to say, the non-biodegradable oil. The effluent and accumulated oil increased with the concentration (mg/L) of oil in the influent. In actual real-scale wastewater treatment reactor configurations, the fats and oils are retained in the degreaser and sent to the sludge digester. This is a significant structural variant concerning traditional solutions. The remaining part of the wastewater is treated by biological treatment of activated sludge in a conventional mode. Therefore, the residue of fats and oils not eliminated becomes part of the contaminants of the influent and the rest becomes part of the sludge leaving the filter.
The masses of fats and oils that leave the effluent are greater than the mass that leaves through the sludge ( Figure 6 ).
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Mass Loading, Biodegradation, and Oil and Fat Removal
At the bench-scale activated sludge reactor, a considerable fraction of the sunflower oil accumulated in the secondary settler. The magnitude of this accumulation of oil mass is correlated with the oil concentration in the influent. The eliminated vegetable oil in the effluent shows that the sum of the biodegradation and oil flotation reached a high total elimination of vegetable oil. In addition, the biodegradation of oil does not depend on mass loading (Figure 7 ). fats and oils in the influent had average values lower than 80 mg/L and a BOD of 300 mg/L. The effluent had a concentration of fats and oils lower than 10 mg/L and a BOD less than 40 mg/L in the effluent. The elimination of fats and oils does not vary seasonally [24] . Our results are consistent with those of the literature.
The amount of accumulated oil increases with the oil concentration in the influent, affecting the quality of the effluent, which is corroborated by the results of the material balance, which established a biodegradability of 75% for a concentration of 340 mg/L, 71% for 460 mg/L, and 64% for 500 mg/L.
Aerobic experiments with granular sludge in a sequential batch reactor for the treatment of dairy effluents, rich in fats and oils, reached COD elimination levels of 90% after separation of the biomass from the blended liquor [25] . Another study was performed to characterize the transformation of lipids into activated sludge under aerobic conditions. The results showed that the total lipid content in the effluent would not be reduced to values below 300 mg/L from an initial 2000 mg/L [26] .
Another experiment was conducted in an activated sludge experimental plant: 400 mg/L of saccharose was added in similar concentrations to fats and oils in the influent, i.e., in a concentration range of 100 mg/L to 850 mg/L. As a result, oil biodegradation ranged from 51% to 60% [27] , showing the competitive effect of the saccharose substrate.
Anaerobic biodegradation experiments produced oil removal ranging from 81% to 97% [28] , which was similar to the system shown here when flotation was considered. Considering the experimental antecedents of the biological treatment of wastewater, fats and oils are physically eliminated, generating a significant amount of waste that must be disposed of in a landfill at a high economic and environmental cost. The degreaser discussed in this study eliminated 80% or more of the incoming fats and oils, resulting in concentrations in the effluent of the plant of 10 mg/L. This is a conventional treatment with high mass loading ranges and, therefore, a considerable variety of substrates. These diverse substrates compete with fats and oils advantageously as they have simpler biodegradation mechanisms. Both systems show high levels of biodegradation, since they work with a single substrate, fats and oils, which favor the acclimatization of the biomass [29] .
In the Los Angeles real-scale wastewater treatment plant, there is an aerobic sludge digester that also removes fats and oils. Therefore, the volume of fats and oils physically retained in the degreaser were biologically treated in the aerobic sludge digester [21] . Figure 8 shows fat and oil removal efficiencies by biodegradation in the overall system, which varies from 70% to 95% with an average of 88%. The biodegradation efficiency was sustained in the Considering the values of the mass loading, at the initial stage, the conventional regime was conducted, and later, a high rate regime was used ( Figure 7) . The value of the mass loading does not affect the quality of the effluent, which is coherent with the theory and the experience of wastewater treatment.
The vegetable oil removal percentage was over 90% which was mainly due to the biodegradation of vegetable oil. About 70% and 20% correspond to flotation, considering the mass balance shown in Table 4 . This is comparable with the experiment with the activated sludge system, which achieved COD removals of 80% for wastewater from the olive oil refining industry [23] .
For aerobic biological treatments, plants on a real scale were the subject of experimentation. An evaluation of 55 municipal water treatment plants was conducted in the USA: the concentration of fats and oils in the influent had average values lower than 80 mg/L and a BOD of 300 mg/L. The effluent had a concentration of fats and oils lower than 10 mg/L and a BOD less than 40 mg/L in the effluent. The elimination of fats and oils does not vary seasonally [24] . Our results are consistent with those of the literature.
Anaerobic biodegradation experiments produced oil removal ranging from 81% to 97% [28] , which was similar to the system shown here when flotation was considered.
Considering the experimental antecedents of the biological treatment of wastewater, fats and oils are physically eliminated, generating a significant amount of waste that must be disposed of in a landfill at a high economic and environmental cost. The degreaser discussed in this study eliminated 80% or more of the incoming fats and oils, resulting in concentrations in the effluent of the plant of 10 mg/L. This is a conventional treatment with high mass loading ranges and, therefore, a considerable variety of substrates. These diverse substrates compete with fats and oils advantageously as they have simpler biodegradation mechanisms. Both systems show high levels of biodegradation, since they work with a single substrate, fats and oils, which favor the acclimatization of the biomass [29] .
In the Los Angeles real-scale wastewater treatment plant, there is an aerobic sludge digester that also removes fats and oils. Therefore, the volume of fats and oils physically retained in the degreaser were biologically treated in the aerobic sludge digester [21] . Figure 8 shows fat and oil removal efficiencies by biodegradation in the overall system, which varies from 70% to 95% with an average of 88%. The biodegradation efficiency was sustained in the sludge digester and is mainly explained by the high concentration of biomass therein, higher than the aeration tank of the bench-scale activated sludge reactor at a pilot scale (20% approximately). The mass loading changes within the conventional regime range from 0.3-1.5 kg COD/day/kg MTSS to high load.
The presence of only one substrate stimulates the use of fats and oils for the construction of cellular tissue and energy source for the biomass. The digestion levels of sludge, fats and oils in the aerobic digester is close to the levels achieved through the biological treatment of activated sludge with extended aeration for fats and oils when they are the only substrate present. Therefore, the method that eliminates fats and oils is an innovative process, with similar good results obtained in the bench-scale activated sludge reactor and real-scale wastewater treatment plant. This innovative process does not generate fats and oils as the final residue, which eliminates the problem of their final disposal.
The mass loading range is a fundamental parameter to measure, and it was similar in both the bench-scale activated sludge reactor and the real-scale wastewater treatment plant with the aerobic digester. The digestion levels of sludge, fats and oils in the aerobic digester is close to the levels achieved through the biological treatment of activated sludge with extended aeration for fats and oils when they are the only substrate present. Therefore, the method that eliminates fats and oils is an innovative process, with similar good results obtained in the bench-scale activated sludge reactor and real-scale wastewater treatment plant. This innovative process does not generate fats and oils as the final residue, which eliminates the problem of their final disposal.
The mass loading range is a fundamental parameter to measure, and it was similar in both the bench-scale activated sludge reactor and the real-scale wastewater treatment plant with the aerobic digester.
Conclusions
In the bench-scale activated sludge reactor, biodegradation reached levels ranging from 64% to 75%. The fats and oils in the wastewater treatment process are removed by flotation and biodegradation mechanisms. When the methods were combined, the elimination of oil was above 85% in the bench-scale activated sludge reactor.
The higher biodegradation efficiency (75%) of the bench-scale activated sludge reactor and the biodegradation efficiency of the aerobic digester (92%) correspond to the lowest mass loading condition in both cases.
The biomass presents excellent adaptability to fat and oil substrates, favored in this case for the lack of competitiveness, with fats and oils being the only source of carbon in the influent.
Our results show that fats and oils are eliminated by biodegradation, with the bench-scale activated reactor eliminating more than 64% of the sunflower oil. Then, we compared this finding with a real scale wastewater treatment plant that serves 200,000 inhabitants in Los Angeles in the region of Bío-Bío, Chile that biologically treats the different fats and oils in their aerobic form, achieving similar results.
Fats and oils should be removed by biological treatment, replacing the flotation process, and at most using it as an intermediate process. Biological treatment is an efficient option to eliminate fats and oils and thus reduce the fatty residues that are difficult to dispose of and manage in WWTP.
Chilean wastewater treatment plants must replace or complement physical treatment with biological mechanisms to reduce waste in landfills and incorporate the CO 2 generated into the carbon cycle.
